F ALLS and their consequences are among the major health care problems affecting functional mobility and quality of life among older people. Even for people living independently in the community, falls are common occurrences (1, 2) . Although the causes of falls are varied and complex, a critical requirement needed for fall prevention is the ability to respond effectively to loss of balance.
Protective stepping, an automatic reaction to instability, is a common strategy for maintaining balance in the everyday environment (3) . Stepping is not a strategy of last resort but is often initiated well before the body approaches the limits of stability provided by the base of support (4) especially for older people (5, 6) . To effectively sustain standing balance, steps must be appropriately directed, timed, and executed to arrest the motion of the body center of mass by altering the base of support. Mounting evidence indicates that age-associated impairments in protective stepping contribute importantly to loss of balance and falls (3, (6) (7) (8) .
An impaired ability to maintain lateral balance stability is especially relevant to falls among older people. For example, measures of mediolateral stability are associated with future falls (9) and past falls (10) , and impaired control of lateral balance through stepping is particularly apparent for older adults (6, 11, 12) . Furthermore, age-related falls often involve lateral body motion and associated hip fractures (13, 14) . Therefore, these observations underscore the specific challenges to maintaining balance and preventing falls that are linked with deficits in controlling lateral balance stability.
Although there is accumulating support for the existence of a directional vulnerability to lateral instability and falls with aging, comprehensive and systematic investigations of this postulation are currently lacking.
The aims of this study were (i) to determine the protective stepping response patterns evoked by different directions of externally applied waist-pull perturbations of standing balance and (ii) to identify the changes in stepping characteristics attributable to aging and in relation to the risk of falling. We hypothesized that the laterally oriented disturbances to balance would exacerbate the changes with age in protective stepping responses due to the increased demands for controlling lateral stability, and that these changes would be greater for those individuals who subsequently experienced falls.
Materials and Methods

Participants
Seventy-five participants enrolled in this study after signing an informed consent form that was approved by the Institutional Review Board of Northwestern University. The general characteristics of the cohort are described in Table 1 . Twenty-six younger individuals (7 men and 19 women) and 49 older adults (11 men and 38 women; 62-86 years old; mean age 73.6 ± 6.8 years) were studied. Younger adults had no history of musculoskeletal, neurological, or general medical problems and were not taking medications that could affect motor performance as determined by a review of their medical history. Older participants were recruited through an aging research registry and geriatric evaluation service. An initial telephone screening excluded participants who used an assistive device to ambulate indoors, had been hospitalized within the last 6 months, had a history of any central nervous system disorders or general medical or musculoskeletal problems that limited functional activities, or had undergone orthopedic surgery to the hips, knees, or ankles such as joint replacements. Additional exclusion criteria included any current injuries, significant foot deformities, or uncorrected vision or hearing difficulties that limited activities of daily living or communication. A board-certified physician geriatrician evaluated medical history, vital signs, vision, hearing, musculoskeletal and neurological systems, and cognitive function through the Folstein Mini-Mental State Examination (minimum inclusion score, 23/30) (15). Prospective Falls Assessment Fall history of the older participants was followed prospectively for 1 year after testing. A fall was defined as "an event, which results in a person coming to rest inadvertently on the ground or other lower level regardless of whether an injury was sustained, and not as a result of a major intrinsic event or overwhelming hazard" (16) . An overwhelming hazard was defined as "a hazard that would result in a fall by most young, healthy persons" (16) 
Protective Stepping Assessment
The detailed method for inducing protective stepping has been described previously (6, 18) and is presented in Figure 1 . Steps were evoked by a closed-loop stepper motor controlled waist-pull system that delivered a perturbation at the pelvis known to always induce steps. Balance could be selectively perturbed in one of six possible directions through a pulley cable and switching system. The pulley cable system contained six pulling cables and seven pulleys mounted on height adjustable vertical posts. The first post aligned with the motor redirected two sets of three pulling cables on each side of the recording area. The six other vertical posts were positioned symmetrically on both sides of this area and are oriented at an angle of 30° to each other. An adjustable belt with six rigid connecting clasps was snugly secured around the participant's waist with a pulling cable attached to each clasp. By changing the orientation of the participant, 12 different perturbation directions depicted in Figure 1 could be applied. A safety system consisting of a mountain climbing harness attached by straps to a rigid overhead beam was fitted to the participant. The system prevented impact with the ground but otherwise did not restrict movement.
Lateral and sagittal perturbations were delivered in 2 trial blocks of 30 perturbations with a 15-minute seated rest period between them. The order of the blocks was counterbalanced between participants. For each block, participants received five waist-pull trials per direction in the same pseudorandom order at a single perturbation magnitude (displacement: 18 cm; velocity: 36 cm/s, acceleration: 720 cm/s 2 ). Participants were instructed to "react naturally to prevent themselves from falling" in response to the perturbation. Additional seated rest periods were provided as needed.
Data Collection
Participants stood with each foot placed on a separate force platform (Advanced Mechanical Technology Figure 1 . Schematic diagram of the motorized waist-pull perturbation system used to evoke protective stepping for balance recovery. The system combines a height adjustable pulley cable system mounted on vertical posts and a directional switching system that selectively perturbs balance in one of six possible directions via the pulling cables attached to the participant's waist belt. Participants were perturbed in 12 directions, 6 sagittal and 6 frontal perturbations, presented in a counterbalanced order.
Incorporated, Newton, MA) that recorded the ground reaction forces at a sampling frequency of 500 Hz. Body segment kinematics were recorded for 5 seconds at a sampling rate of 60 Hz using a six-camera motion analysis system (Motus, Peak Performance Company, Englewood, CO) that captured the motion of reflective markers placed over 17 bony landmarks (6) .
Data Analysis
The number of steps in response to each perturbation was determined by calculating the percentage of trials with a single step, two steps, or three or more steps. For diagonal and lateral pulls, the first step side relative to the side of the perturbation was also recorded to identify the stepping strategy used (6, 11) . The first step characteristics were determined using customized analysis programs in Matlab. The beginning and end of the first step were identified from the vertical velocity of the step side ankle marker in order to determine the step duration and the combined mediolateral and anteroposterior displacement (ie, global step length) calculated as the square root of the sum of squares of the step width and length. The step clearance was defined as the maximal vertical excursion of the step ankle marker. Both displacement variables were normalized relative to the participants' height. The onset time of stepping was calculated relative to the onset of the perturbation.
Statistical Analyses
Descriptive statistics consisted of group means and standard deviations. The difference in age between fallers and nonfallers was analyzed using the two-sample t test. For all the other variables, a full factorial two-way analysis of variance (3 × 12 design) assessed the effect of group as a between factor (young vs nonfallers vs fallers) and the effect of the direction of perturbation as a within factor (12 perturbation directions). In cases of significance, each condition was compared with all others using a Tukey honestly significant difference (HSD) post hoc test with the level of significance adjusted for multiple comparisons. An alpha level of .05 was selected for all statistical analyses (Statistica 6.1, StatSoft Inc.).
Results
Incidence of Falls
An excellent response rate was achieved in the 12-month prospective fall monitoring period with all 49 older participants completing their fall records. Nineteen participants (38.8%) reported one or more falls with 28 falls overall and 13 participants falling once, 3 falling twice, and 3 falling three times or more. The fallers (4 men, 15 women; mean age: 75.2 ± 7.8 years) were not statistically older than the nonfallers (7 men, 23 women; mean age 72.5 ± 5.8 years; t = 1.33; p = .191).
Number of Recovery Steps
Overall, younger participants generally executed a single recovery step in 88.6% of the trials with three or more steps accounting for only 0.5% (seven trials). In contrast, older participants took single steps in 42.8% of the trials and three or more steps in 11.2% of the trials. Analysis of the percentage of single step trials by group and direction (Figure 2A Figure 2A ).
For trials with two steps, a main effect of group [F(2,72) = 15.27; p < .001] and post hoc tests indicated a greater percentage of trials for the older groups compared with the younger group (young vs fallers and young vs nonfallers, Tukey HSD tests p < .001) that was independent of direction ( Figure 2B) . Analysis of the percentage of trials with three or more steps ( Figure 2C ) showed a main effect of the group [F(2,72) = 13.34; p < .001] and post hoc tests indicated a greater percentage of multistep trials for the elderly participants and particularly the fallers (Tukey HSD, fallers vs nonfallers, p < .05) compared with the younger participants (Tukey HSD, fallers vs young, p < .001; nonfallers vs young, p < .008). A main effect of the direction [F(11,792) = 11.12; p < .001] and an interaction [F(22,792) = 3.80; p < .001] were also found. Post hoc tests indicated that the occurrence of three or more steps was increased in the purely lateral directions for the fallers compared with the other perturbation directions and groups (see Supplementary Tables 3 and  4 for Tukey HSD p values).
First Step Characteristics
All first step characteristics inevitably showed a main effect of perturbation direction (p < .001). However, because the study is focused on the relationships between the perturbation direction, aging, and fall history, the details of the main effects of direction are not presented. Mean group values (±SD) of step characteristics are presented in Table 2 . For first step onset time, a main effect of group [F(2,72) = 3.62; p < .032] was found and post hoc tests indicated that older fallers initiated stepping earlier than younger participants (Tukey HSD p < .025). First step duration and clearance were comparable between the groups. However, step global length showed a group effect [F(2,72) = 4.31; p < .018] with the first step being generally longer (Tukey HSD p < .017) for the nonfallers compared with the younger group.
Stepping Strategies
Except for directly forward-backward perturbations, all other pulls had a lateral component that caused a passive increase in weight bearing load beneath the leg nearest to the side of destabilization and a concomitant reduction in contralateral load. In order to determine the stepping strategies selected, we analyzed the side of the first stepping leg used for the 10 perturbation directions that imposed passive changes in limb load distribution prior to stepping resulting in two different strategies. The first strategy involved stepping sideways with the passively loaded leg (loaded step) and was used in 48.1% of the trials by the younger group and 30.4% of the trials by the older groups. The second strategy consisted of moving the passively unloaded leg (unloaded step). A main effect of group [F(2,72) = 4.99; p < .009] was found. This strategy was used less often by the younger group (51.9%) than by the nonfallers (67.7%; Tukey HSD p < .05) or the fallers (73.0%; Tukey HSD p < .013), but was similarly used by the older groups (Tukey HSD p = .72).
For the younger group, unloaded limb stepping included four trials with first step collisions between the limbs involving 2 participants, and 80 collision trials for the older groups involving 27 participants ( Figure 3 ). Among the older participants, 86.3% of the collisions (69 trials) involved Because very few participants used both strategies for each perturbation direction, comparisons between first step characteristics for each strategy relative to the direction of perturbation and group were not possible. Because purely lateral directions (0° or 180°) were the most problematic, we compared the forward perturbation trials (90°) with the two stepping strategies for the lateral directions involving 54 participants (17 young, 23 nonfallers, and 14 fallers) who used both strategies. A main effect of step strategy [F(2,98) = 32.83; p < .001] and an strategy by group interaction [F(4,98) = 5.56; p < .001] was found for first step duration. Loaded lateral and forward steps were similar in duration for all groups (Tukey HSD p > .188), whereas unloaded mediolateral steps were longer in duration than the other steps for the younger group (Tukey HSD p < .001) and nonfallers (Tukey HSD p < .029) but not for the fallers (Tukey HSD p > .883) ( Figure 4A ).
Step clearance was not different between forward and loaded lateral stepping for any of the groups (HSD Tukey .55 < p < .98). A main effect of step strategy [F(2,102) = 23.43; p < .001] and a strategy by group interaction [F(4,102) = 6.93; p < .001] were also found. The younger group and nonfallers stepped higher during unloaded stepping than during loaded stepping (Tukey HSD p < .002).
Step clearance was not different from forward stepping for both strategies for the fallers (Tukey HSD p = 1.00) ( Figure 4B ). For global step length, a main effect of step strategy [F(2,102) = 13.92; p < .001] and an interaction between strategy and group [F(4,102) = 7.47; p < .001] ( Figure 4C ) were found. Post hoc tests showed that the unloaded steps were longer than the loaded steps for the younger group (Tukey HSD p < .001) but not for the older groups (Tukey HSD p > .991).
Discussion
This was the first systematic and comprehensive investigation of the relationship between directional challenges of protective stepping in community-dwelling younger adults and nonfaller and faller cohorts of older adults. Thirtynine percent of the older participants reported falling one or more times during the yearlong monitoring period. This incidence of falls generally resembled past studies (2, 14, 16, 17) . Although we did not identify the specific body orientation accompanying the reported falls, falls to the side are frequent occurrences and significantly increase the risk of hip fracture (17) .
Overall, younger adults mainly executed single steps to recover their balance, whereas the older groups used multiple steps more often especially for purely lateral perturbations. Previous reports have indicated that older adults take more multiple steps than younger adults (3, (6) (7) (8) 11 ). In the frontal plane, multiple stepping responses are a robust predictor of prospective falls among communitydwelling older individuals (19) suggesting the possibility of a directionally specific vulnerability to lateral instability Average values (±1 SEM) for (A) step duration, (B) step clearance, and (C) step global length are presented for the younger participants (grey circles), older nonfallers (filled grey squares), and older fallers (dashed empty squares) during forward, lateral loaded steps (LS), and lateral unloaded steps (US).
Step clearance and global length were normalized to body height (BH). and falling with aging (12). Our results directly support this hypothesis by showing that, compared with younger adults, older individuals had less than half as many single step trials and more often used two recovery steps following multidirectional postural perturbations. Moreover, single step trials were least frequently taken by older participants for the purely lateral perturbation directions. Although the younger group rarely (<0.50% of trials) employed several steps to recover their balance, such trials increased in relation to age, fall status, and perturbation direction where the percentage of three or more stepping trials was greatest for the faller group during directly lateral perturbations. Thus, older individuals in general, and those at higher risk for falls in particular, have specific difficulties with recovering their stability laterally. It appears that the number of recovery steps is indicative of the effectiveness of balance recovery rather than merely a preferred pattern of stepping. This is supported by results showing that, compared with multiple stepping trials, single step trials involve a larger safety margin of balance stability at first step landing (8) .
The ability to successfully regulate the first step characteristics is important for balance recovery. The older nonfallers generally had a greater first step global length than the younger group. Given the greater percentage of multiple stepping trials for the older group, it is unlikely that the increased step length provided a greater overall safety margin of stability. However, it is also possible that this reflected the greater percentage of unloaded step trials for the older groups because unloaded steps required a larger first step length than loaded steps to reestablish the base of support. Alternatively, the longer global step length for older participants might represent a default stepping strategy used to help ensure that a maximum margin of stability would more likely be achieved. The fact that the faller group initiated steps earliest regardless of the direction of perturbation is in agreement with a prior study indicating faster initiation timing for reflex-like induced stepping linked with past falls (20) . This finding may be related to anxiety about falling that possibly heightens a fear potentiated triggering of an earlier stepping response.
Except for the purely forward-backward perturbations, all other directions involved diagonally or laterally oriented pulls that altered limb loading patterns prior to stepping and influenced the strategy for selecting the first stepping limb and its execution characteristics (6, 11) . For such trials, the younger group performed almost equally between lateral stepping with the passively loaded limb and midline directed or crossover stepping with the unloaded limb. In contrast, older participants stepped first with the passively unloaded limb greater than two thirds of the trials.
Although moving the unloading leg facilitates stepping, the subsequent foot trajectory is more complex due to the midline directed and crossover nature of the steps that also increases the risk of limb collisions. This was illustrated by the 80 collisions between the limbs observed for the older groups involving 27 participants with 86% of these trials occurring during perturbations approaching (±30°) or directly in the frontal plane. In contrast, only 5% of unloaded limb collision trials occurred for the younger group involving only two individuals. Thus, there was a 16-fold increase in interlimb collisions for older participants compared with the younger group.
Because lateral perturbations were the most challenging for the older groups, we compared how the first step characteristics were adapted between forward and lateral perturbations. Although loaded limb step duration and clearance were equivalent to forward stepping for all of the groups, they were increased during unloaded limb stepping for the younger participants and nonfallers but not for the fallers. These adaptive changes in stepping performance included a longer first step global length only for the younger group for unloaded limb trials compared with loaded limb and forward stepping. Consequently, the limited adaptive changes in first step characteristics especially for the fallers during the predominant unloaded limb stepping likely precipitated increased multiple stepping and collisions between the limbs.
Although the mechanisms underlying lateral instability and falls with aging have not been established, potential explanations may involve a disproportionate decline in hip abductor-adductor joint torques related to impaired lateral balance function and risk of falling (19, 21) . A generalized reduction in muscle mass and alterations in muscle composition with advancing age (sarcopenia) contribute to decreased muscle strength and physical function (22) . Moreover, in a comparative study of composition and performance changes in multiple hip and thigh muscles in older adults resembling the present study cohort, we found that the primary hip abductors (gluteus medius and minimus) and extensors (gluteus maximus) had the greatest reduction in contractile muscle tissue density (23) . Furthermore, these muscle attenuation and intramuscular adipose changes in the gluteal muscles, together with a lower maximum hip abduction joint torque, best discriminated between individuals at high and low risk for falls. Considered altogether, these findings have implications for potential links between aging changes in the composition and strength of proximal hip muscles with lateral instability and falls (12) .
Among this study's limitations is the extent to which the results may be generalized to all older people. The community-dwelling older adults were relatively healthy and functionally independent. Thus, older people with physical frailty and other morbidities affecting balance and functional capacity may be more vulnerable to loss of balance and falls and have more limited stepping ability regardless of specific directional challenges to stability. Nevertheless, the unique complexities associated with lateral balance recovery should likely remain as an area of concern for falls prevention with such individuals. Another limitation is that the results on protective stepping due to pulling perturbations at the waist may not be generalized to other forms of fall provoking circumstances such as slips and trips or self-induced balance loss accompanying intended movements. However, from a biomechanical standpoint, regardless of the circumstances associated with different perturbations, the common key relationship is the change in orientation of the body center of mass relative to the base of support and one's ability to adequately regulate this relationship within certain spatiotemporal stability limits. Therefore, it is likely that directional differences between older and younger adults in their balance abilities reside in their control of protective stepping responses rather than in the means of perturbation that induce falling.
In summary, the different patterns of protective stepping for different directions of waist-pull perturbations of standing balance in relation to aging and fall status indicated particular difficulties with maintaining stability in the sideways direction for older adults at risk for falls. This has implications for future work on the design of rehabilitation interventions focused on enhancing balance and preventing falls that should target the lateral direction as a vulnerable point in the balance continuum and emphasize exercise training of the hip gluteal muscles. Clinical trials addressing these issues will need to be completed to evaluate the effectiveness of this approach.
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